Relationships between behavioral and physiological symptoms of preslaughter stress and LM Warner-Bratzler shear force (WBSF) were investigated using Bos taurus steers (n = 79) and heifers (n = 77). Measurements of heart rate, respiration rate, rectal temperature, and concentrations of serum cortisol and plasma epinephrine were used as indicators of stress associated with physical handling and chute restraint, whereas concentrations of cortisol, glucose, lactate, and creatine kinase in blood samples obtained at exsanguination were measured to reflect physiological reactions of animals to transportation stress. Increased plasma epinephrine concentration, indicative of acute handling stress, was associated with elevated heart rate (r = 0.42, P < 0.001) and rectal temperature (r = 0.34, P < 0.001) during restraint, increased plasma lactate (r = 0.22, P = 0.006) and serum creatine kinase (r = 0.28, P < 0.001) concentrations at slaughter, and greater LM WBSF (r = 0.22, P = 0.006). Plasma lactate concentration at slaughter, which reflected an adrenergic stress response to transportation, was associated with lesser final LM pH (r = −0.30, P < 0.001) and greater LM WBSF (r = 0.26, P = 0.002). Categorical analyses of chute and posttransportation behavior scores (calm vs. restless vs. nervous) showed that cattle exhibiting adverse behavioral reactions to handling and chute restraint had increased (P < 0.05) values for plasma epinephrine concentration, heart rate, and rectal temperature during chute restraint, elevated (P < 0.05) plasma lactate concentration at slaughter, and increased (P < 0.05) LM WBSF. In addition, cattle showing behavioral symptoms of stress after transportation had greater (P < 0.05) plasma glucose and lactate concentrations at slaughter and produced LM steaks that were 0.34 kg tougher (P < 0.05) when compared with calm cattle. No carcasses were identified as dark cutters, and LM pH did not differ (P > 0.05) among behavior categories. Grouping cattle according to differences in plasma lactate concentration categorized them according to mean differences in LM WBSF. Moreover, steaks from cattle with the greatest plasma lactate concentrations at slaughter (91st to 100th percentile) had a delayed response to aging that persisted until 14 d postmortem. Stress-induced differences in LM tenderness observed in this study were independent of differences in muscle pH.
INTRODUCTION
The handling and transport of cattle immediately before slaughter elicit a broad range of responses among individual animals (Grandin, 1997; von Borell, 2001) . Although some cattle appear psychologically and physically unaffected by routine preslaughter handling and transport practices, others exhibit various combinations of stereotypical behaviors (e.g., nervousness, balking, excitement, fear, avoidance or flight, vocalization, aggression) and physiological reactions that are symptomatic of stress (von Borell, 2001; Broom, 2007; Knowles and Warriss, 2007) .
Acute exposure of cattle to adverse stimuli (stressors) causes release of catecholamines (epinephrine and norepinephrine), resulting in a cascade of effects, including tachycardia, increased metabolic rate, and greater core body temperature. Catecholamines also stimulate glycogenolysis, leading to mobilization of hepatic and muscle glycogen stores, together with elevated blood glucose and lactate concentrations (Knowles and Warriss, 2007) . Effects of this acute autonomic stress response on postmortem muscle pH and meat quality (i.e., elevated muscle pH accompanied by DFD muscle characteristics) are well documented (Knowles, 1999) .
Relationships of behavioral and physiological symptoms of preslaughter stress to beef longissimus muscle tenderness 1 A growing body of evidence suggests that acute preslaughter stress not only affects muscle color, firmness, and water-holding capacity, but also reduces meat tenderness (Wulf et al., 2002) . Watanabe et al. (1996) demonstrated that postmortem tenderization rate was influenced by epinephrine-induced differences in final muscle pH, resulting in early postmortem differences in sheep meat tenderness. Recent evidence, however, suggests that stress-induced differences in meat tenderness are not always associated with differences in muscle pH (Ferguson and Warner, 2008) . This study was conducted to gain further insight into the relationships of behavioral and physiological preslaughter stress responses to meat quality characteristics and LM tenderness.
MATERIALS AND METHODS
Care, handling, and sampling of animals described herein were approved by the Colorado State University (CSU) Animal Care and Use Committee.
Animals and Management
Crossbred (50% British × 50% Charolais) steer (n = 79) and heifer (n = 77) calves, contemporaries from a single herd produced at the CSU Eastern Colorado Research Center (Akron) by mating (AI and natural service) 4 Charolais bulls to British crossbred cows, were used in this study. Approximately 17 to 21 calves represented each sex × sire subclass. After immunization and weaning (on the ranch at approximately 6 mo of age), calves were transported to the CSU Beef Research Feedlot (Fort Collins) for growing and finishing. Upon arrival, steers and heifers were penned separately. After a 25-d acclimation period, calves were weighed individually (initial BW) and initial implants were administered. Steers received initial implants containing 80 mg of trenbolone acetate and 16 mg of 17-β estradiol (Revalor-IS, Intervet Schering-Plough, Millsboro, DE) ; heifers received initial implants containing 80 mg of trenbolone acetate and 8 mg of 17-β estradiol (Revalor-IH, Intervet Schering-Plough).
Calves were sorted by sex and sire, stratified by initial BW, and randomly allocated to 16 pens (9 to 11 animals per pen) for finishing. A steam-flaked corn-based finishing diet (2.45 Mcal/kg of NE m , 1.48 Mcal/kg of NE g , and 12.4% CP, DM basis) was provided once daily and consumed ad libitum. The finishing diet for heifers included melengestrol acetate (Upjohn Pharmacia, Kalamazoo, MI) fed at a daily rate of 0.50 mg/heifer. Sixty-three days after the beginning of the finishing period, cattle were reimplanted with the same implant products that were administered at the beginning of the finishing period.
Behavioral Responses
Behavioral reactions to the following 3 events were observed: 1) human presence in a confined area (pen score), 2) confinement in a squeeze chute (chute score), and 3) transportation from feedlot to packing facility (posttransportation score). For each event, reactions of individual animals were scored using a 15-cm semistructured, continuous line scale adapted from guidelines published by the Beef Improvement Federation (2002). The line scale was divided into 5 equal sections that represented the following behaviors: 1) calm (0 to 2.9 cm): cattle that were docile, undisturbed, calm, and that had a small flight zone; 2) restless (3.0 to 5.9 cm): cattle that were quiet and not easily disturbed but were slightly restless; 3) nervous (6.0 to 8.9 cm): cattle that were nervous and easily disturbed; 4) flighty (9.0 to 11.9 cm): cattle that were very fearful, easily excited or agitated, and that had a large flight zone; and 5) aggressive (12.0 to 15.0 cm): cattle that were very fearful, easily excited or agitated, and that exhibited aggressive behavior.
Preslaughter Procedures and Measurements
Pen Observation. Within 1 mo of slaughter, 2 evaluators assigned behavior scores (described previously) by briefly walking through each pen (40 × 6.1 m) of cattle and independently scoring the reaction of each animal to the presence of a human in the pen. Evaluators assigned pen scores on different days; on both days, all animals were scored within a 3-h time period. The scores of the 2 evaluators were averaged to obtain a single pen behavior score for each animal.
Chute Measurements and Observations. The cattle were scheduled for slaughter on 4 separate dates, 90 to 111 d after final implant (Table 1) . On the day before each designated slaughter date, 4 to 5 animals representing each sex and sire were moved from their respective pens to a working facility, where they were confined individually in a hydraulic squeeze chute (Moly Manufacturing Inc., Lorraine, KS) and weighed (final BW). During weighing, a chute behavior score (described previously) was assigned to each animal by a single evaluator, who assessed behavior immediately after application of light pressure to the sides of the animal using the squeeze feature of the chute. Once the chute behavior score had been recorded, blood samples were collected from each animal via jugular venipuncture. Blood was collected into 10-mL nonheparinized tubes for serum cortisol (CH cortisol) analysis, and an additional 10-mL sample was collected into tubes containing spray-dried K 2 EDTA for plasma catecholamine determination. Blood samples collected for cortisol determination were allowed to coagulate at room temperature (22°C) for 4 to 6 h and were then centrifuged at 1,200 × g for 25 min at 4°C, after which serum was harvested. Blood samples collected in the K 2 EDTA blood tubes were immediately placed on ice and, within approximately 30 min, were placed in the centrifuge (1,200 × g for 25 min, 4°C) for plasma collection. All serum and plasma samples were immediately frozen and stored at −80°C. After blood sample collection, heart rate (measured using a stethoscope), respiration rate (visual determination), and rectal temperature of each animal were recorded.
Transportation and Lairage. On the morning of each slaughter date, groups of 4 or 5 cattle representing each sex and sire were moved from their pens and loaded onto a semitrailer. After loading was completed, the cattle were transported approximately 64 km to a commercial packing facility for slaughter.
Upon arrival at the packing facility, cattle (39 per slaughter date) were unloaded and placed into lairage pens. Within 10 min after unloading, 2 evaluators independently assigned a posttransportation behavior score (described previously) to each animal. Scores recorded by the 2 evaluators were averaged to provide a single posttransportation score for each animal. After posttransportation scoring, the cattle were slaughtered using conventional, humane procedures.
Postslaughter Measurements
Collection of Blood Samples. During exsanguination, blood samples were collected from each animal and placed on ice. Samples were collected into 10-mL nonheparinized tubes for quantification of cortisol (PT cortisol) and creatine kinase and into 10-mL tubes containing 4 mg of potassium oxalate and 5 mg of sodium fluoride for subsequent measurements of glucose and lactate. Blood samples were transported to the laboratory at CSU, and approximately 6 to 8 h later, serum and plasma were harvested after centrifugation at 2,500 × g for 25 min at 22°C.
Postmortem Procedures and Carcass Data Collection. Before chilling, prerigor carcass sides traveled through 4 zones of electrical stimulation: 1) 16 V, 60 Hz, 15 s (1 s on, 1 s off); 2) 20 V, 60 Hz, 15 s (1 s on, 1 s off); 3) 24 V, 60 Hz, 20 s (1 s on; 1 s off); 4) 28 V, 60 Hz, 13 s (2 s on, 1 s off), and were then transferred to a cooler with an air temperature of 2°C. For the first 8 h of the 36-h chill period, sides were sprayed intermittently (2 min on, 8 min off) with a fine mist of 2°C water. After carcass chilling, ribbing, and blooming, a panel of 2 experienced evaluators (CSU personnel) independently evaluated each carcass and assigned a marbling score (300 = Slight, 400 = Small, 500 = Modest; USDA, 1997). Marbling assessments for each carcass were averaged, resulting in a single marbling score for each carcass.
Approximately 1 h after carcass ribbing, L*, a*, and b* values were measured (Hunter Lab Miniscan, Model 45/O-S, Hunter Associates Laboratory Inc., Reston, VA) in triplicate on the right and left LM of each carcass, and then averaged to obtain a single L*, a*, and b* value for each carcass. The spectrophotometer (6-mm aperture, D-65 light source) was calibrated with black and white tiles and was operated in a 2°C cooler environment.
Strip loins (IMPS 180; USDA, 1996) were removed from the right side of each carcass and transported immediately (under refrigeration) to the CSU Meat Laboratory. At the Meat Laboratory, each strip loin was assigned to a sampling scheme that randomly identified sequential (anterior to posterior) 5.1-cm sections of the LM that would subsequently be assigned to each of 5 postmortem aging periods (3, 7, 14, 21, and 28 d) . The anterior end of each strip loin was squared by removing a thin slice, and appropriately sized LM sections were sequentially removed in the order that had been specified, using the sampling scheme described above. Each section was then packaged in a vacuum-sealed bag and stored at 2°C. After completion of the appropriate aging time, LM sections were frozen and stored at −20°C. Frozen LM sections were fabricated into 2.5-cm-thick steaks with a band saw (model 400, AEW, Norwich, UK), repackaged in vacuum-sealed bags, and stored (−20°C) for subsequent Warner-Bratzler shear force (WBSF) determination.
WBSF Measurements. Frozen LM steaks were tempered for 36 to 40 h at 2°C (precooking internal steak temperatures were monitored to ensure that steak temperatures were between 1 and 5°C) and cooked on an electric conveyor grill (model TBG-60 MagiGrill, MagiKitch'n Inc., Quakertown, PA) for a constant time of 6 min, 5 s at a setting of 163°C for the top and bottom heating platens to achieve a peak internal temperature target of 71°C. The peak internal temperature of each steak was measured by inserting a Type K thermocouple (model 39658-K, Atkins Technical, Gainesville, FL) into the geometric center of each steak. After cooking, steaks were allowed to equilibrate to room temperature (22°C), and 6 to 10 cores (1.3 cm in diameter) were removed from each steak parallel to the muscle fiber orientation. Each core was sheared once, perpendicular to the muscle fiber orientation, using a universal testing machine (Instron Corp., Canton, MA) fitted with a WBSF head (crosshead speed: 200 mm/ min). Peak shear force measurements of cores from each steak were recorded and averaged to obtain a single WBSF value for each steak.
Analytical Procedures
Pre-and postslaughter serum samples were shipped to the Department of Animal Sciences at New Mexico State University (Las Cruces) for determination of cortisol concentration (Kiyma et al., 2004 ) using a commercial RIA kit (Coat-A-Count, Siemens Medical Solutions Diagnostics, Los Angeles, CA). Sensitivity was 0.5 ng/mL; within-and between-assay CV were <12%. Preslaughter plasma samples were transported to a commercial laboratory that used an EIA to quantify epinephrine concentration (American Laboratory Products Co., Windham, NH). Serum creatine kinase, plasma glucose (Stanbio Laboratory, Boerne, TX), and plasma lactate concentrations (Trinity Biotech, Wicklow, Ireland) were analyzed using commercial assay kits following the directions of the manufacturers.
Longissimus muscle samples removed from the anterior end of each strip loin by facing were used for pH determination. Three days postmortem, 3 g of each tissue sample was added to 30 mL of deionized water, homogenized thoroughly, and used to determine ultimate LM pH (Model 401A, Orion Research, Boston, MA).
Statistical Methods
Analyses of behavior scores, physiological variables, and muscle quality traits (excluding WBSF) were conducted using a REML-based mixed-effects model (PROC MIXED, SAS Inst. Inc., Cary, NC). The statistical model included sex and sire as fixed independent effects, and slaughter group was included as a random effect. The sex × sire interaction was included and subsequently removed from the model if not significant (P > 0.05). Analyses that examined the effects of behavior classification (calm, restless, or nervous) on physiological variables used procedures identical to those detailed above, with the addition of the behavior category as a fixed, independent effect. Because of unequal distributions of behavior scores, the behavior category × sex and behavior category × sire interactions were not tested.
Data for WBSF were analyzed using a REML-based mixed-effects model repeated measures analysis (PROC MIXED). The statistical model included sex, sire, and postmortem aging period as independent fixed effects, along with random effects of the slaughter group and individual animal. All relevant 3-and 2-way interactions of fixed effects were included and subsequently removed from the model if not significant (P > 0.05). The final ANOVA model for WBSF included sex, sire, age, and sire × age, as fixed effects. Analyses that examined the effects of behavior or lactate category on WBSF were conducted using procedures identical to those detailed above, with the addition of behavior (or lactate) category as a fixed independent effect. The behavior (or lactate) category × age interaction was the only interaction between behavior (or lactate) category and other main effects that was included. For all WBSF analyses, aging period was treated as a repeated measurement and a spatial power covariance structure was used.
For all analyses, the individual animal served as the experimental unit, the Kenward-Roger approximation was used to calculate denominator degrees of freedom, and means were separated using the PDIFF option of SAS at a significance level of P < 0.05. Simple correlations among continuous traits were calculated using PROC CORR. For correlation analyses, pen, chute, and posttransportation scores were treated as continuous variables.
RESULTS AND DISCUSSION

Experimental Conditions
Environmental temperatures coinciding with handling and transportation, together with time intervals for loading, transportation, and lairage of animals composing each of the 4 slaughter groups are provided in Table 1 . Handling and transportation of all groups occurred in mild, dry weather conditions at mean temperatures ranging from 7 to 26°C. Loading of trucks for transportation of cattle to the packing facility required between 4 and 6 min for each of the 4 slaughter groups. All animals were loaded without difficulty and required minimal coaxing or prodding. Mean travel times between the feedlot and packing facility ranged from 64 to 90 min and the duration of lairage at the packing facility for the 4 groups averaged between 121 and 135 min (Table 1) .
Behavioral and Physiological Reactions to Handling and Transportation
Cattle composing the experimental sample showed considerable variation in both behavioral and physiological reactions to preslaughter handling and transportation (Table 2) . Scores (pen, chute, and posttransportation) used to quantify stressful behavior of individual cattle ranged from calm to flighty; none of the animals exhibited aggressive behavior during the 3 scoring events (Table 2) . Pen scoring (a nonrestrained event that did not involve physical contact with animals) showed that approximately 39% of the cattle re-mained calm when confronted with the presence of a human in the pen, whereas 61% showed some aversion to nonphysical human interaction (Figure 1 ). When cattle were subjected to physical handling (movement through a chute system, coupled with restraint in a squeeze chute) or transported (loading, hauling, and unloading), approximately 30% of the cattle remained calm, whereas 70% showed some visible evidence of stressful behavior (Figure 1 ). Approximately 20, 21, and 8% of the animals reacted adversely to nonphysical human interaction, physical handling with chute restraint, and transportation, respectively, with behaviors that were characterized as nervous or flighty (Figure 1) . Scores for pen, chute, and posttransportation behaviors were positively correlated (P < 0.05) with one another (Table 3 ), suggesting that individual cattle exhibited somewhat consistent behaviors during the 3 different scoring events.
Measurements of heart rate, respiration rate, rectal temperature, and concentrations of serum CH cortisol and plasma epinephrine were used as physiological indicators of stress associated with physical handling and chute restraint. The chute behavior score was positively correlated (P < 0.05) with heart rate (r = 0.45), rectal temperature (r = 0.37), CH cortisol concentration (r = 0.29), and plasma epinephrine (r = 0.42) concentration (Table 3 ), indicating that cattle exhibiting behavioral symptoms of stress during confinement in the chute also responded physiologically with increased circulating concentrations of cortisol and epinephrine, together with accelerated heart rates and elevated body temperatures.
Concentrations of serum PT cortisol, plasma glucose, plasma lactate, and serum creatine kinase, quantified using blood samples obtained at exsanguination, were used to reflect physiological reactions of animals to transportation stress. The posttransportation behavior score was not correlated (P > 0.05) with concentrations of PT cortisol (r = −0.06) or glucose (r = 0.09); however, greater posttransportation scores (indicative of more stressful behavior immediately after delivery to the packing facility) were associated (P < 0.05) with increased plasma lactate (r = 0.33) and serum creatine kinase (r = 0.28) concentrations at slaughter (Table  3) . Three animals had serum concentrations of creatine kinase that were more than 4 times greater than the mean concentration, resulting in an extremely large CV (93%) for that trait (Table 2 ). Creatine kinase is released into the blood when there is muscle damage, as occurs with physical exertion or bruising (Broom et al., 2002) . In the present study, the 5 blood samples with the greatest serum creatine kinase concentrations all were collected from cattle with carcass bruises that involved damage to muscle tissue. The 3 observations Behavior scores assessed using a 15-cm semistructured continuous line scale: calm = 0 to 2.9 cm; restless = 3 to 5.9 cm; nervous 6 to 8.9 cm; flighty = 9.0 to 11.9 cm; aggressive ≥12 cm. Gruber et al.
that were 4 times greater than the mean creatine kinase concentration were considered outliers and were removed from all analyses.
No physiological measurements were recorded at the time pen behavior scores were assigned; however, results of correlation analyses (Table 3) suggested that pen behavior was indicative of physiological reactions that occurred during later events when cattle were physically handled or transported. Greater pen behavior scores, indicative of greater aversion of animals to the presence of a human in the pen, were associated with accelerated heart rate (r = 0.32), elevated rectal temperature (r = 0.33), and increased concentrations of CH cortisol (r = 0.20) and epinephrine (r = 0.35) during chute restraint, as well as elevated concentrations of serum creatine kinase (r = 0.30) and plasma lactate (r = 0.34) after transportation. These results suggest that assessment of pen behavior may be effective for identifying reactive cattle that will respond adversely to stressful stimuli during future events involving physical handling or transportation.
Previous research involving both steers and heifers suggests that heifers tend to be more reactive to handling stress (Voisinet et al., 1997; Wulf et al., 1997; Vann and Randel, 2003 ). In the current study, heifers were more excitable (P = 0.001) than steers during pen behavior scoring and tended to be slightly more reactive (P = 0.084) when confined in a chute (Table 4) . Blood samples collected from steers and heifers during chute restraint had similar concentrations of CH cortisol and epinephrine; however, heifers had more rapid (P < 0.05) respiration and heart rates. The posttransportation behavior of steers and heifers did not differ (P = 0.814), but analysis of blood samples collected at exsanguination showed that heifers had greater (P < 0.05) serum concentrations of PT cortisol and creatine kinase (Table 4) .
Several previous reports have documented withinbreed genetic differences in cattle behavior (Le Neindre et al., 1995; Burrow and Corbet, 2000; Halloway and Johnston, 2003) . In the present study, sire was a significant source of variation in pen and chute behavior, CH cortisol concentration, respiration rate, rectal temperature, heart rate, and posttransportation plasma lactate concentration (Table 4) . Collectively, behavioral and physiological responses summarized in Table 4 identified the progeny of sire 1 as being the most reactive to preslaughter handling and transportation. The interaction between sex and sire was statistically significant for chute behavior score, heart rate, and PT cortisol concentration; however, tests of interaction means for these traits (data not presented) did not reveal any biologically meaningful differences.
Preslaughter Stress and Beef Tenderness
Exposure of cattle to various physical or psychological challenges (stressors) activates 2 integrated neuroendocrine axes: the hypothalamic-pituitary-adrenal (HPA) axis and the sypatho-adrenal (SA) axis (Axelrod and Reisine, 1984; von Borell, 2001 ). Activation of the HPA axis, typically regarded as a long-term, sustained re- Warner-Bratzler shear force averaged across aging period (3, 7, 14, 21, and 28 d). sponse to stress (von Borell, 2001) , stimulates secretion of ACTH from the anterior pituitary gland, which in turn causes production of cortisol by the adrenal cortex (Axelrod and Reisine, 1984) . Release of cortisol into the circulatory system elevates plasma glucose concentration (because of hepatic glycogenolysis and gluconeogenesis) and promotes protein catabolism (because of reduced protein synthesis and increased protein degradation) in skeletal muscle (Shaw and Tume, 1992; Gerrard and Grant, 2003; Boron and Boulpaep, 2005) . Purchas et al. (1971) reported data suggesting that elevated blood cortisol at slaughter may be associated with less tender meat; however, further experimentation failed to establish consistent relationships between HPA activation and meat quality characteristics (Purchas, 1973; Purchas et al., 1980; Shaw and Tume, 1992 ). In the current study, serum cortisol concentration, measured either during chute restraint (CH cortisol) or at slaughter (PT cortisol), was not (P > 0.05) correlated with measurements of LM pH, color (L*, a*, b*), or tenderness (Table 3) .
The SA axis is activated by acute stress, resulting in the release of catecholamines (epinephrine and norepinephrine) from the adrenal medulla (Axelrod and Reisine, 1984) . Epinephrine, acting via β-adrenergic receptors, mobilizes hepatic and muscle glycogen, elevates plasma glucose and lactate concentrations, and increases heart rate, body temperature, and respiration rate (Apple et al., 1995; Gerrard and Grant, 2003; Knowles and Warriss, 2007) . Epinephrine-induced depletion of muscle glycogen has long been recognized as the root cause of high-pH, DFD meat (Apple et al., 2005) . Moreover, experimental evidence suggests that preslaughter SA activation reduces meat tenderness (Ferguson and Warner, 2008 ). In the current study, plasma epinephrine concentration, measured as an indicator of acute stress during chute restraint, was positively correlated (P < 0.05; Table 3 ) with heart rate (r = 0.42), rectal temperature (r = 0.33), CH cortisol concentration (r = 0.33), plasma lactate concentration at slaughter (r = 0.22), serum creatine kinase concentration at slaughter (r = 0.28), LM a* (r = 0.21), and LM WBSF (r = 0.22). Moreover, elevated plasma lactate concentration at slaughter, which was used to reflect SA activation during transportation and lairage, was associated (P < 0.05; Table 3) The data presented in Table 3 revealed several potentially important correlations among cattle behavior scores, physiological symptoms of acute stress, and LM Means without a common superscript differ (P < 0.05).
1
Behavior scores assessed using a semistructured continuous line scale: 0 = calm; ≥6 = nervous.
2 Sex × sire interaction (P < 0.05). Preslaughter stress and beef tenderness WBSF that warranted further examination. Additional least squares analyses were conducted, using chute behavior and posttransportation behavior as independent categorical variables, to examine these relationships (Table 5) . Because of the small number of animals scored as flighty (9.0 to 11.9 cm; Figure 1 ), cattle that received behavioral scores ≥6.0 cm were classified as nervous for all categorical analyses. Results of these categorical analyses reflected behavioral effects on response variables over and above those associated with sex and sire.
Cattle showing adverse behavioral reactions to physical handling and chute restraint (i.e., those with chute behaviors categorized as nervous) exhibited a pronounced acute stress response, characterized by elevated (P < 0.05) values for plasma epinephrine concentration, heart rate, and rectal temperatures during confinement in the chute (Table 5 ). The same cattle had greater (P < 0.05) plasma lactate concentrations at slaughter and subsequently produced tougher (P < 0.05) LM steaks compared with calmer cattle (3.72 vs. 3.49 ± 0.11 kg; Table 5 ). In addition, cattle that showed behavioral symptoms of agitation, when observed after transportation to the packing facility (i.e., those with posttransportation behaviors categorized as restless or nervous), had greater (P < 0.05) plasma glucose and lactate concentrations at slaughter and produced LM steaks that were approximately 0.34 kg tougher (P < 0.05) compared with cattle exhibiting calm behavior.
A noteworthy aspect of the results presented in Table  5 is that final LM pH did not differ (P > 0.05) among behavior categories, despite significant among-group differences in several other stress indicators. Values for final LM pH observed in the present study ranged from 5.2 to 5.7, with a mean of 5.4 (Table 2) , and even though handling and transport events in the current study produced measurable behavioral and physiological stress responses commonly associated with acute preslaughter stress (Table 2) , no carcasses were classified as DFD, either visually or on the basis of LM pH measurements. According to Warner et al. (2007) , DFD muscle characteristics are produced by chronic stress and often do not coincide with symptoms of acute stress. Page et al. (2001) published results of an industrywide survey of beef LM pH and reported a range of 5.2 to 6.9, with a mean of 5.5. In their study, more than 80% of the carcasses measured had LM pH values between 5.4 and 5.6, whereas most of the carcasses that were classified as DFD in the survey had LM pH values of 5.87 or greater (Page et al., 2001) . Several different studies have shown that the relationship between muscle pH and meat tenderness is curvilinear and that meat toughness tends to be greatest when final muscle pH is somewhat elevated, between 5.8 and 6.2 (Purchas, 1990; Watanabe et al. 1996; Wulf et al., 2002 Means within a row and scoring event without a common superscript differ (P < 0.05).
Categories established from the 15-cm semistructured continuous line scale: 0 to 2.9 cm = calm; 3 to 5.9 = restless; ≥6 cm = nervous. Animals per subclass: calm = 46; restless = 78; nervous = 32.
2
Categories established from the 15-cm semistructured continuous line scale: 0 to 2.9 cm = calm; 3 to 5.9 = restless; ≥6 cm = nervous. Animals per subclass: calm = 47; restless = 97; nervous = 12.
3 Serum or plasma concentrations determined from blood samples taken during routine processing through the chute (CH) or on the slaughter floor, posttransportation (PT).
4 LM pH at 72 h postmortem.
ed evidence, however, suggests that acute preslaughter stress may reduce tenderness, even when muscle pH is unaffected (Warner et al., 2007) . Our results are similar to those reported by Warner et al. (2007) . In the current study, behavioral and physiological indices of acute preslaughter stress were associated with reduced (P < 0.05) LM tenderness despite the fact that all values for final LM pH were less than 5.8 (Table 5 ).
Of particular interest was an apparent connection between posttransportation plasma lactate concentration and stress-induced differences in beef tenderness (Table  5 ). Further analyses revealed that grouping animals according to differences in plasma lactate concentration at slaughter essentially categorized them according to mean differences in LM WBSF (Figure 2) . Previous research has shown that elevated blood lactate concentration at slaughter reflects an acute preslaughter SA response involving release of epinephrine, stimulation of β-adrenergic receptors, and concomitant changes in glucose metabolism (Shaw and Tume, 1992; Warner et al., 2007) . Correspondingly, it is possible that the toughening effect of acute preslaughter stress observed in the present study was associated with adrenergic stimulation (Ferguson and Warner, 2008) . Sensky et al. (1996) used intravenous infusion of epinephrine to simulate stress-induced adrenergic stimulation in swine and found that LM calpastatin activity at slaughter was increased by approximately twofold, leading the researchers to conclude that epinephrine release in response to preslaughter stress could influence postmortem tenderization rate. In addition, several studies have demonstrated that adrenergic stimulation using synthetic β-agonists increases calpastatin activity, reduces postmortem tenderization, and increases meat toughness (Kretchmar et al., 1990; Koohmaraie, et al., 1991; Strydom et al., 2009) , often without affecting final muscle pH (Hilton et al., 2009; Strydom et al., 2009 ). Calpastatin activity was not measured in the current study; however, increased plasma lactate concentration at slaughter (indicative of adrenergic stimulation during the immediate preslaughter period) was associated with a delayed aging response in LM samples between 3 and 7 d postmortem, resulting in significant among-group differences in 7-d LM WBSF (Table 6 ). For cattle with the greatest plasma lactate concentrations (91st to 100th percentile), the delayed aging response and associated toughening effect persisted until the 14th d of postmortem aging (Table 6 ). Strydom et al. (2009) reported a similar delay in the postmortem aging response for LM samples from cattle treated with either of 2 synthetic β-agonists, zilpaterol hydrochloride or clenbuterol. Although not conclusive, these results suggest a possible mode of action for stress-induced differences in meat tenderness that merits further study.
Studies that have compared the tenderness of beef produced by heifers and steers suggest that heifers often produce tougher beef (Tatum et al., 2007) . Furthermore, there is evidence suggesting that the difference in tenderness between heifers and steers, when present, is related to the greater reactivity of heifers to preslaughter stress (Voisinet et al., 1997; Wulf et al., 1997 ). In the current study, heifers showed a more pronounced stress response than did steers; however, sex class did not affect (P > 0.05) LM WBSF (Table 4 ). Exposure of cattle to some degree of stress during preslaughter shipment is inevitable (Ferguson and Warner, 2008) . Results of this study identified behavioral and physiological symptoms of acute preslaughter stress that were associated with differences in LM tenderness and underscore the importance of stress avoidance in the application of best management practices for ensuring beef tenderness. Means within a row without a common superscript differ P < 0.05.
